The aim of the present study was to evaluate the influence of castration (surgical and immunological) and sex on lipid hydrolysis, oxidation and antioxidant capacity in selected muscles/cuts of pigs. Nine muscles/cuts from four groups of pigs (surgically castrated, entire males, immunocastrated and sow) were analysed. Free fatty acids (FFA) were analysed using standard methods according to CSN EN ISO 660. Thiobarbituric reactive substances (TBARS) were determined as malondialdehyde (MDA) equivalents and antioxidant capacity was evaluated by 2,2-diphenyl-1-picrylhydrazyl (DPPH) method . The highest content of FFA was observed in sows, detected to be significantly (P < 0.001) higher than in entire males. The highest content of TBARS was found in entire males; the content was significantly (P < 0.05) higher than in sows. Generally, the highest values of DPPH inhibition were detected in samples of surgically castrated pigs whereas the lowest values were observed in samples of entire males. Antioxidant capacity in musculus longissimus dorsi and backfat of surgically castrated pigs was significantly (P < 0.05) higher than in other evaluated groups of pigs. The study confirmed the differences in FFA and TBARS formation between analysed groups of pigs, probably due to differences in the fatty acid composition. The results of our study indicate that methods of castration have an effect on the antioxidant capacity of pork. These findings are of value to the meat industry.
Castration of male piglets represents the most common and usual method for boar taint prevention worldwide. Boar taint is an unpleasant odour caused mainly by the accumulation of androstenone, skatole, and to a lesser extent indole in the adipose tissue of male pigs (Fredriksen et al. 2009 ). In order to improve animal welfare practices, many consumers call for the prohibition of castration without anaesthesia. This was the reason for the European Union to introduce the Council Directive 2008/120/EC of December 2008 to protect pigs from traditional castration, imposing the condition of prolonged analgesia and/or anaesthesia during the surgical castration of pigs.
In various European countries young entire males are produced for slaughter. Usually smaller pigs are slaughtered, of about 80 kg of carcass weight. This prevents them from reaching sexual maturity and prevents tainted meats. The slaughtering of smaller pigs leads to production of lighter, leaner meat with more unsaturated fatty acids which can cause a problem during the meat processing (Bañón et al. 2004) . Castration encourages fattening and can affect certain qualities of fresh meat (water retention capacity and colour) and cooked meat (cooking loss, aroma, taste, juiciness and tenderness) which are related to intramuscular fat (Babol and Squires 1995) .
Owing to their high concentration of iron and sufficient levels of polyunsaturated fatty acids (PUFA) and cholesterol, pork meat and meat products are prone to lipid oxidation (Karwowska and Dolatowski 2014) . One of the most important factor of meat shelf life is lipid peroxidation. The carbon-carbon double bonds of PUFA allow the formation of lipid free radicals by reactive oxygen species. This generates a chain reaction of more lipid hydroperoxides and more lipid free radicals. Breakdown of lipid hydroperoxides produces malondialdehyde (Grotto et al. 2009 ). In fact, thiobarbituric reactive substances (TBARS) are the standard method for detecting meat lipid oxidation by quantifying the amount of malondialdehyde present (Ripoll et al. 2018) .
Hydrolytic changes in lipids cause the release of free fatty acids (FFA). Lipid hydrolysis could speed up lipid oxidation. Lipid oxidation in muscles may be associated with the cooperative actions of denatured proteins, release of metal ions, changes in enzymatic activities, or damages to cell membranes. The primary products of lipid oxidation are some hydroperoxides, which are of transitory nature and subsequently decompose to some small secondary oxidation-product molecules including TBA-reactive substances (Huang et al. 2015) .
The oxidative stability of meat is dependent on the balance between antioxidants and pro-oxidants (such as PUFA concentration or free iron) (Florek et al. 2012) . The animal's diet plays a major role in modifying the concentration of antioxidants, pro-oxidants and fatty acids in the meat (Serpen et al. 2012) . A higher antioxidant content improves oxidation stability of meat. Low antioxidant levels in pig tissues containing high PUFA concentrations are due to the utilization of the antioxidant to control the oxidation status (Kouba et al. 2003) . Previous results confirmed higher mean PUFA content in boars compared to castrates while no difference was observed between entire males and female pigs (Pauly et al. 2012) . Immunologically castrated pigs have less back fat than surgical castrates (Dunshea et al. 2001; Boler et al. 2012) , and as a result, it is more likely that their carcass fat will contain high concentrations of unsaturated fatty acids (Harris et al. 2018) .
The aim of this study was to evaluate the influence of surgical castration and immunocastration on lipid hydrolysis, oxidation and antioxidant capacity of selected pig muscles/cuts in comparison to carcasses from entire males and sows.
Materials and Methods

Sampling
In total, 50 hybrids of Large White × Landrace (sow) × Duroc (boar) were used in this study. The experiment no. 23/2016 was approved by the Ethics Committee of the Central Commission for Animal Welfare of the Ministry of Agriculture of the Czech Republic. The pigs were classified into four groups that included: males castrated surgically (10 animals, age at slaughter 156 d ± 16 d and live weight of 101 kg ± 12 kg), immunologically castrated males (Improvac ® vaccine (Zoetis Inc., Parsippany, New Jersey) 10 animals, age at slaughter 160 d ± 17 d and live weight of 107 kg ± 13 kg), entire males (20 animals, age at slaughter 164 d ± 16 d and live weight of 111 kg ± 10 kg) and sows (10 animals, age at slaughter 159 d ± 16 d and live weight of 102 kg ± 9 kg). Differences between the groups in age and live weight at the time of slaughter were not significant. The animals were slaughtered at an approved and registered slaughterhouse. Double samples (2 × 5 g) for antioxidant capacity determination were taken from the same location of the following muscles/cuts: 1) m. serratus, 2) m. longissimus dorsi, 3) m. internal oblique, 4) m. adductor, 5) jowl, 6) back fat, 7) m. triceps brachii, 8) m. biceps femoris, and 9) m. semitendinosus. The samples were individually packaged in vacuum directly after cutting the carcasses (24 h after slaughtering) and kept frozen at -70 °C till the day of analysis. Double samples (fresh tissue; 2 × 100 g) for FFA and TBARS determination were taken from same location of the following muscles/cuts: 1) neck, 2) m. longissimus dorsi, 3) belly, 4) m. adductor, 8) m. biceps femoris, and 9) m. semitendinosus. Samples of 5) jowl, 6) back fat and 7) m. triceps brachii were not used for chemical analysis for their specific composition or similarity with other samples.
Determination of free fatty acids
Free fatty acids were determined in accordance with CSN EN ISO 660 (2015) by the titration method and expressed as the percentage of total fat as oleic acid.
Detemination of thiobarbituric acid reactive substances (TBARS)
The extent of lipid oxidation was evaluated on raw meat as TBARS. Ten grams of minced muscles were homogenised for 2 min with 95.7 ml of distilled water and 2.5 ml of 4 N HCl. The mixture was distilled until 50 ml was obtained. Then, 5 ml of the distillate and 5 ml of TBA reagent (15% trichloroacetic acid, 0.375% thiobarbituric acid) were heated in a boiling water bath for 35 min. After cooling under running tap water for 10 min, the absorbance was measured at 532 nm against an appropriate blank. The TBARS values were obtained by multiplying optical density by 7.8. Oxidation products were quantified as malondialdehyde equivalents (MDA mg·kg -1 muscle) (Castellini et al. 2002) .
Determination of antioxidant capacity Free radical scavenging ability 2,2-diphenyl-1-picrylhydrazyl (DPPH) method was used to determine the antioxidant capacity according to Heilerova et al. (2003) . Preparation of pork extract was performed according to Jung et al. (2010) . Fifteen ml of 5% trichloroacetic acid were added to 3 g of tissue sample and after homogenisation 10 ml of chloroform were added. Fresh solution of radical stock solution was prepared each day. Solution of DPPH in methanol (0.025 g·l -1 ) was transferred into a 1 cm cuvette and the absorbance value A 0 was measured against a blank at 515 nm using a spectrophotometer. The meat extracts at the amount of 0.2 ml were added to 3.8 ml of DPPH solution in the cuvette, and the absorbance was measured after 10 min (A 10 ). The measurements were performed in two replications.
The inhibition percentage of the DPPH radical by the samples was calculated according to the formula: % inhibition = (A 0 -A 10 /A 0 ) × 100 A 0 is the absorbance of the control at t = 0 min A 10 is the absorbance of the antioxidant at t = 10 min Statistical analysis Mean and standard deviation were computed using Microsoft Office Excel 2003. Significance (P < 0.05) was estimated by analysis of variance (ANOVA), with post hoc Tukey test for finding differences between the groups of pigs, using SPSS 20 statistical software (IBM Corporation, Armonk, USA).
Results
Content of free fatty acids
Differences in fat hydrolysis were observed among evaluated groups of pigs, which led to formation of FFA. When all the samples of muscles/cuts were included in the evaluation, significant differences (P < 0.001) were observed in the FFA content of muscles from entire males (0.72 ± 0.20) and from sows (0.84 ± 0.26). Significant differences (P < 0.05) were also found in the FFA content between muscles of immunocastrated males (0.74 ± 0.22) and sows. However, no significant differences were found between the investigated groups of pigs when individual samples (muscles/cuts) were analysed separately (Table 1) .
Content of TBARS
The oxidation process was evaluated by the TBARS content. Differences (P < 0.05) were observed between group of sows (0.52 ± 0.24 mg MDA·kg -1 ) and entire males (0.63 ± 0.30 mg MDA·kg -1 ). The difference between sows and immunocastrated pigs ) was less pronounced and not significant (P = 0.052). In the analysis of the individual muscles/cuts the difference between entire males and sows was confirmed only in m. longissimus dorsi, whereas no differences were confirmed in other muscles/cuts (Table 2) .
Antioxidant capacity
Considerable differences were found in the antioxidant capacity of pork between the groups of pigs (surgically castrated males, immunocastrated males, entire males and sows). In general, DPPH percentage inhibition values were the highest in samples from surgically castrated pigs and the lowest in samples from entire males. The differences between these two groups of pigs were significant (P < 0.05) in all the muscles/cuts with exception of m. internal oblique and m. semitendinosus. The antioxidant capacity in m. longissimus dorsi and backfat of surgically castrated pigs was significantly (P < 0.05) higher than in other groups (entire males, immunocastrated males, and sows). Differences in the antioxidant capacity values among various cuts (muscles) were observed among groups (surgically castrated males, immunocastrated males, entire males, and sows), with the highest DPPH percentage inhibition values in m. serratus and m. semitendinosus versus the lowest values in m. longissimus dorsi (Table 3) . Table 3 . Antioxidant capacity (mean ± SD of DPPH % inhibition) in different cuts/muscles of pigs (surgically castrated, immunocastrated, entire males, and sows). DPPH = 2,2-diphenyl-1-picrylhydrazyl; SD = standard deviation; P = significance; NS = not significant; *P < 0.05; 
Discussion
Content of free fatty acids It is a well-known fact that FFA are products of enzymatic hydrolysis of esterified lipids. Free fatty acids may also take part in a reaction with myofibrillar proteins, and enhance protein aggregation. Free fatty acids may have a pro-oxidant effect on lipid matter, which is attributed to the catalytic effect of the carboxyl group on the formation of free radicals in the decomposition of hydroperoxides (Özyurt et al. 2009; Bahmani et al. 2011 ). The FFA concentration in the present study decreased in the order of sows > surgically castrated males > immunologically castrated males > entire males. Egea et al. (2016) reported that castrated males had a higher SFA content than sows (P < 0.05), whereas the PUFA levels were lower (P < 0.001). Relative concentration of linoleic acid and PUFA in the back fat decreased in the order of entire males > sows > castrated males, while the saturated fatty acid percentage increased in the same order (Nürnberg et al. 1998) . Zhang et al. (2007) pointed to the effect of sex on the specific enzyme activities involved in long chain PUFA metabolism.
Content of TBARS
Differences between the TBARS content in sows and entire males in this study correlated with the differences in the FFA content. Grela et al. (2013) did not find differences between entire males, surgically castrated or immunocastrated pigs, and sows. The mean content of TBARS they found was 0.35-0.37 mg MDA·kg -1 of meat, which was lower than in our study (0.52-0.63 mg MDA·kg -1 ). Jones-Hamlow et al. (2016) observed that lipid oxidation was increased (P = 0.05) in sausage manufactured from surgically castrated (PC) pigs (0.47 mg MDA·kg -1 of meat) compared to sausages from immunologically castrated (IC) pigs (0.22 mg MDA·kg -1 of meat), although an increase in TBARS was predicted in IC pigs. Tavárez et al. (2014) demonstrated that at 6-8 weeks after the second vaccination of IC against GnRH, PUFA content was similar between IC and PC pigs.
Antioxidant capacity
The oxidative stability of meat is dependent on the balance between antioxidants and pro-oxidants (such as PUFA concentration or free iron) (Florek et al. 2012) . Low antioxidant levels (vitamin E) in pig tissues containing high PUFA concentrations are due to the utilization of the antioxidant to control oxidation (Kouba et al. 2003) . The fat of surgically castrated pigs (both intramuscular and back fat) showed the lowest content of PUFA (pro-oxidant) in comparison with entire males, immunocastrated males and gilts (Grela et al. 2013 ). Proportions of pro-oxidant represented by PUFA tend to be high in subcutaneous adipose tissue from entire males due to lesser tissue maturation. Quality of fat tends to be lower in entire males than in castrates and sows, due to a higher proportion of water and a lower proportion of lipid (Wood et al. 2008) . Hogberg et al. (2001) suggested that reduction of sex hormones in castrates might affect the rate of elongation and desaturation of fatty acids (18:2n-6 and 18:3n-3) to highly polyunsaturated fatty acids. Free radical formation resulted from the metabolism of skatole by cytochrome P-450-dependent mixed function oxidases (MFO) or prostaglandin H synthase (PHS). Such free radicals promote lipid peroxidation, especially of highly unsaturated fatty acids (Bray and Kirkland 1990 ). Thus, the aforementioned possible explanation might be behind the differences in the antioxidant capacity between the tissues of surgically castrated pigs and other evaluated groups of pigs in the present research. Compositions of endogenous antioxidants can differ among meats of different species, among animals of the same species and even individual muscle types (Pradhan et al. 2000; Descalzo and Sancho 2008; Serpen et al. 2012) . Lipid-soluble antioxidants in animal tissues play an important role in delaying the oxidative deterioration of meat, represented by myoglobin oxidation and development of rancid odours from PUFA degradation (Wood and Enser 1997) . Thus, the differences of antioxidant capacity in our study could be attributed to the differences in myoglobin pigment concentration and intramuscular lipid in the different muscles of pig carcass. Damgaard et al. (2014) suggested that the mode of action of some antioxidants is represented by impairing the oxidation via binding hemin which acts as oxidation initiator. High content of antioxidant peptides or high concentration of heme pigments in some porcine tissues could act as iron chelators, resulting in improved oxidation stability.
Surgical castration of pigs is the traditional method in most of countries. Immunocastration is recommended as an alternative method in terms of animal welfare. Regarding FFA and TBARS some inconclusive differences were found in this work, probably resulting from different composition of fatty acids and the effect of sex on specific enzyme activities. Due to this finding future studies on fatty acid composition are needed to support or disprove this hypothesis. This study found that the antioxidant capacity in different muscles/cuts of pigs was affected positively by surgical castration. The topic requires involvement of other methods for antioxidant detection and correlation with pro-oxidants.
